Mucolipidosis II α/β, mucolipidosis III α/β, and mucolipidosis III γ are autosomal recessive disorders belonging to the family of lysosomal storage disorders caused by deficiency of the UDP-N-acetylglucosamine, a lysosomal enzyme N-acetylglucosamine-1-phosphotransferase (GlcNAc-phosphotransferase) localized in the Golgi apparatus, which is essential for normal processing and packaging of soluble lysosomal enzymes with initiating the first step of tagging lysosomal enzymes with mannose-6-phosphate (M6P). Mucolipidosis II and III are caused by mutations in the GNPTAB and GNPTG genes, and patients with these diseases are characterized by short stature, skeletal abnormalities, and developmental delay. In this study we report 38 patients with mucolipidosis II and III enrolled in Eastern China during the past 8 years. The diagnosis was made based on clinical characteristics and measurement of plasma lysosomal enzyme activity. Sanger sequencing of GNPTAB and/or GNPTG for all patients and real-time quantitative PCR were performed to confirm the diagnosis. In addition, 11 cases of prenatal mucolipidosis II were diagnosed based on measurement of the enzyme activity in amniotic fluid supernatant and genetic testing of cultured amniotic cells. Based on molecular genetic tests, 30 patients were diagnosed with mucolipidosis II α/β, 6 were diagnosed with III α/β and 2 were diagnosed with III γ. Thirty-seven different GNPTAB gene mutations were identified in 29 patients with mucolipidosis II α/β and six patients with III α/β. These mutations included 22 new mutations (p.W44X, p.E279X, p.W416X, p.W463X, p.Q802X, p.Q882X, p.A34P, p.R334P, p.D408N, p.D534N, p.Y997C, p.D1018V, p.L1025S, p. L1033P, c.88_89delAC, c.890_891insT, c.1150_1151insTTA, c.1523delG, c.2473_2474insA, c.2980_2983delGCCT, c.3094delA, and deletion of exon 9). Four new GNPTG gene mutations were identified (c.13delC, p.Y81X, p.G126R and c.609+1delG) in two mucolipidosis III γ patients. Among the 11 cases of prenatal diagnosis, four were mucolipidosis II fetuses, three were heterozygous, and the remaining four were normal fetuses. This study expands the mutation spectrum of the GNPTAB and GNPTG genes and contributes to specific knowledge of mucolipidosis II/III in a population from Eastern China.
INTRODUCTION
Mucolipidosis II α/β (ML II originally; MIM 252500, which was later renamed ML II α/β by Cathey et al.) [1] , mucolipidosis III α/β (ML III α/β; MIM 252600) and mucolipidosis III γ (ML III γ; MIM 252605) are autosomal recessive disorders belonging to the family of lysosomal storage disorders caused by deficiency of the uridine diphosphate (UDP)-N-acetylglucosamine: lysosomal enzyme Nacetylglucosamine-1-phosphotransferase (GlcNAc-phosphotransferase; EC 2.7.8.17), which is localized in the Golgi apparatus and is essential for normal processing and packaging of soluble lysosomal enzymes by initiating the first step of tagging lysosomal enzymes with mannose-6-phosphate (M6P). GlcNAcphosphotransferase comprises three different subunits, α, β, and γ, in a hexameric α2β2γ2 subunit complex [2, 3] . These three subunits are the products of two genes, GNPTAB (MIM:607840), which encodes the α-and β-subunits [4] [5] [6] , and GNPTG (MIM:607838), which encodes the γ-subunit [7, 8] . ML II α/β and ML III α/β are caused by a homozygous or compound heterozygous mutation in the GNPTAB gene [9] [10] [11] [12] [13] , whereas ML III γ results from mutations in the GNPTG gene [14] [15] [16] [17] .
ML II α/β and III are both rare diseases, and patients share a number of physical characteristics, such as coarse face, short stature, progressive joint stiffness, skeletal abnormalities, cardiomegaly, and developmental delay [18] . In addition, these two disorders have unique features. ML II is more severe than ML III, with onset in infancy or early childhood leading to death during the first decade of life [19] [20] [21] . ML III has a relatively mild phenotype, a later onset of clinical symptoms, which occur at approximately 3 years of age, and a more slowly progressing and prolonged course, and thus permits survival into adulthood [22] [23] [24] .
α-Mannosidase and β-hexosaminidase A+B (Hex A+B) are transported to lysosomes in an M6P-dependent pathway. Their activities are deficient in lysosomes; however, they are dramatically elevated in plasma and other extracellular fluids from patients with ML II or III when measured by artificial fluorescent substrates [13] . In the past 8 years, 38 patients with ML II or III were diagnosed by clinical characteristics and elevated α-mannosidase and Hex A+B activities in the plasma in our hospital, which is a diagnostic center in Eastern China. Here, we report the clinical, biochemical, and molecular characteristics of the 38 probands and those of 11 cases of prenatal diagnosis from Eastern China. Our results expand the mutation spectrum of the GNPTAB and GNPTG genes and contribute to specific knowledge of mucolipidosis II/III in a population from Eastern China.
MATERIALS AND METHODS

Subjects
All ML II/III patients were from unrelated families in Eastern China, and their parents had no perspicuous consanguinity. Among them, 11 ML II families underwent prenatal diagnosis. We collected blood samples from all patients after obtaining informed consent from their guardians, and all the high-risk pregnancy patients with prenatal diagnosis signed a written informed consent. All procedures were approved by the local committee on human experimentation in Shanghai Xinhua Hospital (approval no. XHEC-D-2014-006) and were in accordance with the Helsinki Declaration of 1975, as revised in 2000. The clinical diagnosis of ML II/III was based on typical clinical, radiographic, and biochemical tests [18] . Biochemical criteria included an at least tenfold increase in plasma lysosomal enzyme levels (α-mannosidase and Hex A+B activities).
Lysosomal enzyme analysis for the probands Plasma was isolated from fresh peripheral blood and stored at −80°C until analysis. The α-mannosidase activity was measured by incubating plasma with 2 mM 4-methylumbelliferyl-α-D-mannopyranoside (Sigma) substrate solution, pH 4.25, at 37°C for 1 h, as described previously with minor modification [25, 26] . Hex A+B determination was also based on a method described in the literature [27, 28] . Plasma was tenfold diluted with McIlvaine buffer, pH 4.4, containing 0.6% bovine serum albumin and then incubated with 3 mM 4-methylumbelliferyl-N-acetyl-β-D-glucosaminide (Glycosynth) for 30 min at 37°C. Both reactions were stopped by 0.17 M glycine/NaOH buffer, pH 10.5. A 4-methylumbelliferyl standard was used. Fluorescence signals were measured with a fluorimeter at an excitation wavelength of 365 nm and an emission wavelength of 450 nm.
Lysosomal enzyme analysis for prenatal diagnosis Prenatal diagnoses of ML II/III disease were achieved by examining enzyme activity in the amniotic supernatant fluid [29] . Amniotic fluid was obtained by amniocentesis at approximately 16 weeks gestation. The collected amniotic fluid was centrifuged at 2000 × g to isolate the supernatant, and the enzyme activities of the supernatant were detected immediately. The α-mannosidase activity detection method for amniotic fluid was the same as that used for plasma.
Sanger sequencing of genomic DNA For the ML II/III probands, elevation of the levels of both α-mannosidase and Hex A+B activities was a prerequisite for molecular characterization of the GNPTAB or GNPTG genes. Genomic DNA in peripheral blood from patients was extracted using a Lab-Aid blood DNA isolation Kit (Zhishan Biotech) according to the manufacturer's protocol. The 21 exons and flanking regions of GNPTAB and the 11 exons and flanking regions of GNPTG were amplified via polymerase chain reaction and Sanger sequencing. The obtained sequences were compared with the reference genes GNPTAB (NM_024312.4) and GNPTG (NM_032520.4) to identify nucleotide variations.
For the prenatal diagnoses, genomic DNA was extracted from cultured amniotic cells using a QIAamp DNA Mini Kit (Qiagen) according to the manufacturer's protocol, and then, Sanger sequencing was used to detect the mutation sites of the probands.
Real-time quantitative PCR One patient (P8) was suspected of absence of exon 9 in the GNPTAB gene because of the presence of a seeming homogenous variation with only a uniparental origin based on Sanger sequencing. The verification was conducted through real-time quantitative PCR with ALB (MIM: 103600) as the reference gene and mixed normal human DNA as the normal reference. Real-time PCR samples with SYBR ® Premix Ex Taq™ (TaKaRa, Dalian, China) were prepared according to the manufacturer's protocol and were run on an ABI7500 instrument.
RESULTS
Enzyme activity determination of probands Plasma from 473 healthy individuals was analyzed for α-mannosidase and Hex A+B enzyme activities to determine the reference range according to the 99% confidence interval: α-mannosidase activity reference range, <36.5 nmol/h · mL; Hex A+B activity reference range, <1970 nmol/h · mL. The α-mannosidase and Hex A+B activities were remarkably elevated in the available plasma from the 38 ML II/III patients ( Table 1 ). The mean α-mannosidase activity of the ML patients was 423.9 nmol/h · mL, which reflected an ≥29-fold increase compared with the reference group (mean, 14.2 nmol/h · mL); the mean Hex A+B activity was 14,420 nmol/h · mL, an increase of ≥11-fold compared with the reference group (mean, 1242 nmol/h · mL).
The enzyme activity values of the 30 ML II patients and 8 ML III patients were analyzed with SPSS 17.0 statistical software. An independent sample t-test was utilized, and a P value of less than 0.05 was considered statistically significant. There was no significant difference in plasma α-mannosidase activity between ML II and ML III patients (the average activity was 421.8 nmol/h · mL and 431.4 nmol/h·mL, respectively; P = 0.796), but the Hex A +B activity in the two groups was significantly different (the average activity was 14,975 nmol/h · mL and 12,359 nmol/h·mL, respectively; P = 0.031). The plasma Hex A+B activity of ML II patients was significantly higher than that of ML III patients, which supported our understanding that ML II has a more severe disease course than ML III.
Enzyme activity determination for prenatal diagnosis We detected the α-mannosidase enzyme activity in the amniotic fluid supernatant from 32 cases of high-risk pregnancy with organic acidemias or amino acid metabolic diseases to determine the reference range according to the 99% confidence interval, which was <9.3 nmol/h · mL.
Prenatal diagnosis was performed for 11 ML II high-risk pregnant women. The α-mannosidase activity in the amniotic supernatant fluid from four cases was significantly higher than the reference range, which we concluded to indicate an affected fetus. The activity in the amniotic fluid from the seven remaining cases was within the normal range, and these women were considered to be carrying unaffected fetuses (Table 2) .
Patients with ML II α/β The ML II α/β group included 30 patients with an average age at onset of 5 months old. Two patients had a positive family history, with an elder brother or sister having similar symptoms. However, only ten patients had been diagnosed before the age of 1 year. The average age at diagnosis was 1 year and 9 months old. All these patients had unanimous typical characteristics, e.g., coarse facial features, gingival hypertrophy, short stature, mental Predominant GNPTAB gene mutations in Eastern Chinese patients Y Wang et al. P indicated patient number, NK indicated unknown; ND indicated not done,* indicated unreported mutation, E indicated exon, the unit of enzyme activity is nmol/h · mL. Reference range:
α-mannosidase activity <36.5 nmol/h· mL, Hex A+B activity <1970 nmol/h · mL
retardation, skeletal deformity, joint stiffness, and hepatomegaly. Four of them had documented hearing loss at diagnosis. It should be mentioned that one patient (P28) initially presented with cyclic vomiting from the age of 9 months with interval periods of 13-29 days, which had not been reported to be associated with ML II α/β. She had been diagnosed with ML II α/β at the age of 15 months.
GNPTAB gene in ML II α/β Biallelic nucleotide variations of the GNPTAB gene were identified in 27 of 30 patients (P1-P27) with Sanger sequencing (Table 1) . A total of 14 reported mutations and 18 novel variations were detected. In two patients (P28 and P29), only one mutant allele could be identified. For patient 30, who had typical clinical manifestations and a positive family history, with an elder sister having similar symptoms and death at 3 years old, ML II α/β was diagnosed based on elevated plasma α-mannosidase and Hex A +B activities. However, no mutation was detected in the GNPTAB gene or the GNPTG gene by Sanger sequencing.
Patients with ML III The clinical manifestations of eight patients with ML III were relatively mild, with an average age of onset at 4 years old and an average age of diagnosis at 10 years and 3 months old. As reported, ML III α/β and ML III γ are clinically indistinguishable [6] . The intelligence of the patients was normal or slightly lagged, and their stature was short compared with the mid-height of their parents. We first conducted GNPTAB gene testing. If no mutation was identified in the GNPTAB gene, then the GNPTG gene was further tested.
GNPTAB gene in ML III α/β Six patients were categorized as ML III α/β because variations were identified in the GNPTAB gene. Both mutant alleles had been identified in five patients (P31-P35), but only one mutant allele was detected in patient 36. In total, eight different variations were identified, with three reported and five novel mutations. Notably, four patients carried the same reported mutation: c.2715+1G>A.
GNPTG gene in ML III γ Two patients (P37 and P38) possessed compound heterozygous mutations of the GNPTG gene, with all of the mutant alleles being novel, and thus were categorized as ML III γ.
Prenatal gene diagnosis Among the 11 cases of prenatal gene testing, four fetuses with remarkably elevated α-mannosidase activity in the amniotic supernatant fluid carried the same GNPTAB mutations as the respective probands. Additionally, three fetuses were heterozygous, and no mutations were detected in the remaining four fetuses ( Table 2) .
Characterization of mutations
In summary, we detected 37 different GNPTAB gene variations in 67 mutant alleles out of 72 alleles in 36 ML II and III α/β patients. The distribution of all the detected mutations is shown in Fig. 1a . Fifteen mutations were listed in the HGMD database or reported in the literature, c.99delC [30] genetics.bwh.harvard.edu/pph2/index.shtml) were applied to evaluate their pathogenicity potential. The majority of the prediction results were "Deleterious" in PROVEAN, "Damaging" in SIFT, and "probably damaging" in PolyPhen-2, supporting the notion that these variations were the causative mutations. The only exception was p.A34P, which was predicted to be "Neutral" by PROVEAN but was "Damaging" according to SIFT and "probably damaging" according to PolyPhen-2. None of these eight missense mutations were found in ExAC nor in 1000G except the p.D534N mutation, which was present twice in ExAC.
Seven new exonic small deletions/duplications, c.88_89delAC, c.890_891insT, c.1150_1151insTTA, c.1523delG, c.2473_2474insA, c.2980_2983delGCCT, and c.3094delA, were predicted as "disease causing" by Mutationtaster. Additionally, the absence of the entirety of exon 9 had not been reported. Figure 1a shows that there are 24 mutations in four exons (E9, E10, E13, and E15) or in their exon-intron junctions of the GNPTAB gene. The mutations in these regions account for the majority of 37 mutations (24/37 = 64.9%). The allele frequency of these 24 mutations was 68% (49/72) in the analyzed alleles of these ML II α/ β and III α/β patients. The most frequent GNPTAB mutation was the nonsense mutation c.1090C>T (p.R364X), accounting for 18% (13/72) of the analyzed alleles detected. Eleven patients carried this mutation, with two of them harboring it homozygously (P12 and P21). Figure 1b shows the distribution of the ten missense mutations identified, including the eight novel and two reported mutations, in the α/β-subunit precursor. The α/β-subunit precursor contains two transmembrane domains and three identifiable domains separated by spacer regions: the Stealth domain, two Notch repeat modules, and a DNA methyltransferase-associated protein (DMAP) interaction domain [13, 31] . The ten mutations in this study were distributed as follows: one mutation in the transmembrane domain of the N terminus, six mutations in the Stealth region, one mutation in the second Notch module, and two mutations in the spacer region. Consistent with a previous report, most of the missense mutations were located in the Stealth region [31] .
GNPTG gene analysis showed four novel mutations, c.13delC, p. Y81X, p.G126R, and c.609+1delG. All the prediction results for these four mutations supported their pathogenicity.
DISCUSSION
Patients with mucolipidosis II/III have clinical features similar to those of patients with mucopolysaccharidosis (MPS), which is caused by a deficiency in the metabolism of one or more types of mucopolysaccharides or glycosaminoglycans. Both ML and MPS are lysosomal storage disorders and show a number of similar physical characteristics, such as coarse facial features, short stature, skeletal deformity, hepatosplenomegaly, and a reduced life expectancy [32] . Lysosomal enzyme activities of leucocytes or plasma provide a differential diagnosis for ML II/III and MPS, while gene testing helps provide a definitive diagnosis.
In our cohort of ML II α/β and ML III α/β patients, p.R364X was the most frequent mutation. Unlike our results, Liu et al. found that the most frequent mutation among their patient cohort was the splicing mutation c.2715+1G>A (allele frequency 9/32 = 28%), which was identified in both ML II α/β (three patients) and ML III α/ β (six patients), with the secondary frequent mutations being p. R364X (allele frequency 4/32 = 13%) in their cohort of patients that represented the northern populations of China [30] . The c.2715+1G>A mutation was detected in only four patients with ML III α/β (P31, P32, P34, and P35) in our cohort that represented a population from Eastern China. Compared with their results, we found that the frequent mutations in populations from Northern and Eastern China differ. All the reported mutations of the GNPTAB gene in 54 Chinese patients are summarized in Table 3 , including 18 cases from the literature [30, 33] and our 36 cases. p.R364X is still a frequent mutation throughout the Chinese population. The nonsense mutation c.3565C>T (p.R1189X) was reported to be the most frequent mutation in 40 Japanese patients (allele frequency 33/80 = 41%) [34] and in 13 Korean patients (allele frequency 5/ 26 = 19.2%) [9, 20, 35] . This mutation was detected twice in our patients (P15 and P19). However, it was not detected among the northern Chinese population.
The mutation c.3503_3504delTC is a reported high frequency mutation. Tappino et al. reported that its allele frequency is 51% (47/92) in their patients from four countries (Italy, Argentina, Bangladesh, and Hungary) [13] . The frequency of this allele in American patients is 22% (27/122) [18] and is 45% (9/20) in Data summary of 11 mucolipidosis II prenatal diagnosis Note: P indicated patient number, N indicated no mutations were detected, E indicated exon, the unit of enzyme activity is nmol/h · mL. Reference range: α-mannosidase activity <9.3 nmol/h · mL Portuguese patients [23] . However, it was not detected in Chinese patients. Thus, patients in different ethnic backgrounds carry different frequent mutations. The reported p.R334X mutation of the GNPTAB gene was found to be homozygous in patient 8. However, it was identified only in the paternal allele. His mother did not carry this allele. We argue that a genomic deletion in this region could explain this phenomenon. The real-time quantitative PCR results confirmed that this patient and his mother had only one copy of exon 9. This patient inherited p.R334X from his father and the deletion of exon 9 from his mother. Thus, it is essential to determine the genotype of parents to identify the pathogenic mutation of a patient. ML II α/β is defined by two severe mutations, whereas ML III α/β is defined by at least one attenuated mutation that can produce a small amount of active GlcNAc-phosphotransferase [5] . The p. R334X mutant was reported to be associated with ML III α/β in the HGMD database, but this ML III α/β patient also carried another missense mutation, p.D190V [18] . Kudo et al. found that the substitution of valine for aspartic acid at position 190 produced 86% of GlcNAc-phosphotransferase activity and did not significantly affect the enzyme activity [5] . Therefore, it was presumed that p.D190V was an attenuated mutation. In our study, patient 8 with p.R334X had the clinical characteristics of ML II α/β, with early onset at 8 months old. Thus, both p.R334X and deletion of exon 9 were presumed to be severe mutations.
Cathey et al. reported previously that the mutation p.R364X was found in the homozygous state in an ML II α/β patient [18] . Here, we also had two homozygous patients (P12 and P21) with ML II α/ β, supporting the notion that p.R364X is associated with a clinically severe phenotype in ML patients. Additionally, we detected p.R364X in a heterozygous form in an ML III α/β patient (P32), in combination with the splice mutant c.2715+1G>A. Thus, the heterozygous splicing mutant c.2715+1G>A was presumed to retain some of the enzymatic functions of GNPTAB-encoded proteins and be associated with an attenuated phenotype, which was consistent with previous results [9, 34] .
In the current study, 34 patients were confirmed to possess two mutant alleles. Only one mutant allele was detected in three patients, and none was detected in one patient. These four patients were biochemically confirmed to have ML II α/β and III α/ β via plasma lysosomal enzyme analysis. We presumed that large genomic deletions or rearrangements, which could not be identified by conventional Sanger sequencing, or an unknown mutation in the region we did not test (e.g., the promoter and intronic regions) could not be excluded. Another possibility is that there is polymorphism or mutation in the region of the primers, which caused the observed allele-specific dropout [36] . For these four patients, further molecular studies are warranted to identify the types of mutations present.
In our study, there were two patients, P9 and P24, with a positive family history but without definite diagnosis. Thus, they were born without prenatal diagnosis. Unfortunately, they had the same disease as their older siblings.
The Stealth domain mediates the catalytic function of GlcNAc-1-phosphotransferase. Thus, mutations in this domain may cause severe enzyme deficiency [31] . The Notch and DMAP interaction domain is hypothesized to function in the specific recognition of protein determinants on lysosomal acid hydrolases. van Meel et al. found that the Notch 2 module mediated a function that could not be carried out by Notch 1. The Notch 2 module might be a critical site of the transferase [37] . In our study, patient 9 carried the mutation F374L at the Stealth domain and D534N at the Notch 2 module on different alleles, which may explain his severe ML II phenotype. The R334P, D408N, and Y997C mutation on the Stealth domain of one allele and the nonsense mutation on the other allele may explain why patients 15, 20, and 1, respectively, manifested with a severe ML II phenotype. The combination of A34P mutation in the N-terminal transmembrane domain and a nonsense mutation may explain the severe phenotype of patient 4. More functional studies should be performed for L1025S and L1033P in the spacer region. Since there is no effective treatment for ML II and III, recognition of typical clinical characteristics, establishment of definite diagnosis, and identification of causative mutations are very important for genetic counseling, prenatal diagnosis, and prevention of these diseases. Among our 30 ML II families with probands, 11 chose prenatal diagnosis when the mothers were pregnant again. We carried out a lysosomal enzyme activity assay along with gene testing. The enzyme activities in the amniotic fluid supernatant of four fetuses were markedly higher than the reference range, and genetic testing verified the same mutations as the probands, both of which indicated ML II fetuses. The enzyme activities in the remaining seven cases were within the normal range, and genetic tests identified three of them as heterozygous fetuses, while four did not carry any of the mutations present in the proband. ML II fetuses were diagnosed by enzyme activity tests, but enzymatic detection could not further distinguish between heterozygotes and normal fetuses. Therefore, identification of mutations is important for prenatal diagnosis and genetic counseling. By combining the lysosomal enzyme assay and gene testing, prenatal diagnosis for pregnant women at high risk of ML II can be achieved and would contribute to the prevention of ML II occurrence.
CONCLUSION
In conclusion, ML II α/β has a higher incidence than ML III in a population from Eastern China. We identified 22 novel mutations in the GNPTAB gene and four novel mutations in the GNPTG gene. In this study, 11 prenatal tests with ML II α/β were successfully performed. Our study expands the GNPTAB gene and GNPTG gene mutation spectrum, which is helpful for prenatal testing, and established genetic targets for further structure-based drug design to rescue the defective GlcNAc-phosphotransferase activity in ML II/III disease.
